ABSTRACT: A comparative study of three strategies used to synthesize well-defined carboxyl-end-capped polystyrenes is reported. Structural characterization was carried out using a combination of thin-layer chromatography (TLC) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). For the reaction of polystyryl anions with 4-bromo-1,1
Introduction
Anionic polymerization is the most powerful method for making end-functionalized polymers since it provides polymer backbones of predictable molecular weights and narrow molecular weight distributions, and the longlived anionic chain-ends readily react with suitable reagents to form functional end groups in high yield. [1] [2] [3] Strategies for synthesizing end-functionalized polymers generally fall into three categories. Some compounds can react directly with the living polymeric anions, thus generating the desired end-functionalized polymer. For example, well-defined hydroxyl-terminated and sulfonate-terminated polymers can be obtained by treating the anionic living polymers with slight excess amounts of ethylene oxide and 1,3-propane sultone, respectively. 4, 5 A second synthetic strategy to end-functionalized polymers involves treating the polymeric anions with alkyl halides (RX), where R represents alkyl groups containing protective moieties. [6] [7] [8] Suitable protective moieties that are stable toward the anionic living polymers and can be later converted to the desired functional end groups are necessary, and these reactions are generally best carried out in polar solvents at low temperature to minimize side reactions. A third strategy involves adding the living anionic polymer into a large excess of a reagent that contains two of the desired functional groups, which can also react directly with the polyanions. Through control of stoichiometry the formation of dimer may be minimized. Figure 1 illustrates these three general methods for synthesizing carboxylend-capped polystyrene. The first method, reported by Quirk and co-workers, 9 involved the introduction of carbon dioxide gas (CO 2 ) into solutions of living polystyryllithium containing Lewis bases, such as tetrahydrofuran (THF), producing well-defined carboxylend-capped polystyrene in high yield. These same authors 9 further demonstrated that the reaction of gaseous CO 2 with freeze-dried living polystyryllithium in the presence of N,N,N′,N′-tetramethylethylenediamine (TMEDA) resulted in quantitative carboxylation. Hirao and co-workers reported another carboxylation method, 10 belonging to the second category described above, in which living polystyryl anions were reacted with 4-bromo-1,1,1-trimethoxybutane in THF at -78°C. The resulting polymer was sequentially treated with acid and base. The acid treatment converted the carboxyl-protective moiety, the ortho ester group, into a methyl ester group. The base treatment hydrolyzed this ester, yielding a carboxyl group. This method was reported to result in high yields of carboxylation (>95%). 10 A third carboxylation method, reported by Hall and co-workers, 11 involved the reaction of living polyanions with a large excess of succinic anhydride. In the case of poly(tertbutyl acrylate), they reported >95% conversion to the carboxylic acid. 11 End-group identification and determination of the structures of these materials has long been a great challenge for conventional analytical techniques (NMR, IR, titration, etc.). This is because the signals from the end groups are very weak as compared to those from the polymer backbone due to their low concentrations. End-group signals are often indistinguishable from the background noise and thus cannot be quantified reliably. Detection of the end-group signals from byproducts that are present in even smaller amounts is often not achievable with conventional analytical techniques. For this reason, side reactions and byproducts that occurred in end-functionalization reactions have seldom been reported in the past.
We are interested in creating and characterizing welldefined telechelic end-functionalized polymers for use in modifying interfaces with doubly bound polymer chains. Recent results have indicated that tethered polymer loops significantly improve the adhesive properties of an interface relative to that of a singly endtethered polymer chain. [12] [13] [14] [15] Interpenetration between two surfaces covered with loops should also be less than that of two polymer brushes. Therefore, the dynamic response of such surfaces should be further enhanced. [16] [17] [18] [19] Thus, the creation of a surface covered with loops should exhibit improved properties compared to traditional singly bound polymer chains in many circumstances. This potential for improvement of properties of polymer-modified surfaces has led us to investigate the ability to reproducibly and controllably produce surfaces that are covered with molecular loops by binding R,ω telechelic polymers to functionalized surfaces. The synthesis and characterization of the R,ω telechelic polymers described in this paper is the first step in this project.
The advent of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) provides the possibility for accurately determining the structures of macromolecules. 20, 21 Application of MALDI-TOF MS to examine the products arising from the preparation of end-functionalized polymer by living anionic polymerization techniques has provoked intense interest during the past 10 years. [22] [23] [24] In some cases, separating such samples according to differences in chemical structure prior to MALDI-TOF MS analysis can greatly simplify the interpretation of the mass spectrum. A number of preseparation techniques in sample preparation for MALDI-TOF MS have been proposed. Examples include size exclusion chromatography (SEC), 25, 26 high-performance liquid chromatography (HPLC), 27, 28 and thin-layer chromatography (TLC). 29, 30 We have previously reported the use of combined silica gel (SiO 2 )-based TLC and MALDI-TOF MS to examine the efficiency of, and side reactions in, some anionic end-functionalization reactions. 31, 32 TLC separates polystyrenes on the basis of the structure of the end group without being much affected by the degree of polymerization. MALDI-TOF mass spectral analysis of the TLC fractions gives information on their structures. This TLC/MALDI-TOF MS method can provide a wealth of information on the reaction products, which yields insight into the reaction mechanisms, and hence the synthesis can be optimized.
In the present work, we reexamine the three reactions shown in Figure 1 using the TLC/MALDI-TOF MS method; to our knowledge this is the first systematic MALDI-TOF MS study of these carboxylation reactions. All end-functionalization reactions in this experiment will be conducted using identical polymer chains, which were synthesized in one batch and then divided into aliquots for the various reactions. Thus, the MALDI-TOF mass spectra of the resulting products should only reflect differences in their end groups.
Experimental Section
Materials and Synthetic Manipulations. Polystyryllithium was synthesized in benzene using standard all-glass high-vacuum techniques. 33, 34 Solvent and monomer were purchased from Aldrich and purified according to a standard procedure. 34 sec-Butyllithium was synthesized by the reaction of sec-butyl chloride (Aldrich, 98%) and lithium metal (Aldrich, 99.99%) and was used as the polymerization initiator. 34 4-Bromo-1,1,1-trimethoxybutane was purified over CaH2 twice by fractional distillation and stored in ampules equipped with break-seals. Succinic anhydride was purified by vacuumdrying the solid for at least 12 h and dilution with purified THF by distillation from a reservoir containing liquid K/Na alloy (3:1 by weight) through the high-vacuum line, and then the solution was sealed in a glass apparatus equipped with break-seals. The carbon dioxide gas (Aldrich, 99.8+%) was used as received. The living anionic polystyrene (PS) solution was divided into six portions by flame-sealing constrictions under vacuum. One aliquot was reacted with methanol to create proton-terminated (nonfunctionalized) PS and used as a reference material for the end-functionalized PSs. Two portions were reacted with a slight excess amount of 1,1-diphenylethylene (DPE) to generate (1,1-diphenylalkyl)lithium chain ends. These six portions were used in the following reactions.
Termination Reactions by Carbon Dioxide Gas. Polystyryllithium was reacted with carbon dioxide gas under two different conditions. One portion of the living polystyryllithium solution was freeze-dried, and carbon dioxide gas was introduced through a rubber septum. The fine orange powder turned snow white immediately as the CO2 gas was injected. This product was dissolved into a 1% HCl/THF (v/v) solution and precipitated in methanol. Another portion of the living polystyryllithium solution (15 mL, ca. 10%, w/v) was added to 35 mL of purified THF at -78°C. Carbon dioxide gas was injected through a rubber septum while the solution was stirred vigorously. The color of the living polymer disappeared rapidly. A volume of 0.5 mL of concentrated HCl was added to this solution, and the polymer was purified by repeated precipitation from THF into methanol.
Termination Reactions Using 4-Bromo-1,1,1-trimethoxybutane. A portion of polystyryllithium was reacted with 4-bromo-1,1,1-trimethoxybutane in a THF/benzene mixture (7/3, v/v) at -78°C for 2 h using a [Br]/[Li] ratio of 4. This involved addition of 4-bromo-1,1,1-trimethoxybutane into the living polymer solution in THF. Within a few seconds, the characteristic orange-red color of the polystyryl anions was observed to disappear completely, indicating the reaction takes place rapidly. We let the reaction proceed for 2 h and then terminated it by adding an aliquot of degassed methanol. The reaction mixture was poured into a large excess of methanol to collect the polymer. This polymer was then reprecipitated from THF into methanol. Deprotection was accomplished by sequential treatment of the polymer with 0.1 N HCl and 0.2 N LiOH solution in THF. Polymer (1.5 g, ∼0.4 mmol) was dissolved in 36 mL of THF, 4 mL of 1 N HCl was added, and this polymer solution was stirred at room temperature for 24 h. The polymer was precipitated in excess methanol. Then 1.5 g of polymer was dissolved in 20 mL of THF. A 0.2 N LiOH aqueous solution was used to neutralize this solution. Then 0.096 g of LiOH was added, and the solution was stirred under reflux for 24 h. The acid treatment converted the ortho ester groups into methyl ester groups, and the base treatment hydrolyzed the methyl ester groups yielding carboxyl-end-capped polystyrene. A portion of the polymer that was end-capped with DPE was also treated in the same manner.
Termination Reactions Involving Succinic Anhydride. A portion of polystyryllithium was reacted with succinic anhydride in a THF/benzene mixture (7/3, v/v) at -78°C for 2 h. A THF solution of the anionic living polymer was prepared as described above. Succinic anhydride solution was made ∼2 M in THF. A volume of 10 mL of succinic anhydride solution was added rapidly to the THF solution of the living polymer at -78°C through the rupture of a break-seal. The solution turned light yellow immediately upon the mixing. This reaction was also allowed to proceed for 2 h, at which time the light yellow color persisted. The solution turned colorless when it was exposed to air. A volume of 0.5 mL of concentrated hydrochloric acid was added into the reaction mixture. This polymer was purified by repeat precipitation from THF into methanol. A portion of the polymer that was end-capped with DPE was also treated in the same manner.
TLC/MALDI-TOF MS Analysis of the Products. All MALDI-TOF MS measurements were done on a Voyager DE Pro MALDI-TOF MS unit from PE PerSeptive Biosystems (Framingham, MA). The instrument is equipped with a N2 laser (λ ) 337 nm) with a pulse width of 3 ns, a 2 GHz acquisition digitizer, and a pulsed ion extraction source.
trans,trans-1,4-Diphenyl-1,3-butadiene was used as the matrix in all MALDI-TOF MS measurements. The reason we chose this matrix is threefold: (1) this compound has been reported to be a very efficient matrix material for use with a 337 nm laser, 35 (2) its structure is similar to the repeating unit of polystyrene which makes it more likely to form homogeneous cocrystals with our polymers and hence generate mass spectra of good quality, and (3) it is a nonionic compound so it will not complicate the ionization of the samples. Ionization of synthetic polymers usually requires cationization by an adduct of salt rather than protonation. For unsaturated polymer such as PS, transition ions such as Ag + and Cu + are commonly used. 36 Silver trifluoroacetate (AgTFA) and copper(I) chloride (Cu I Cl) were used as the cationizing reagent when the measurement was carried out in positive-ion mode. All positive-ion spectra displayed in this paper were caused by the addition of Ag + . Copper(I) cationization reagent was used to confirm that the multiple distributions appearing in one mass spectrum were caused by multiple compounds rather than different ion additions. All negative-ion spectra were obtained without any ionizing agents added.
TLC plates (200 µm, with fluorescent indicator F-254), purchased from Scientific Absorbents (Atlanta, GA), were employed to purify the products for MALDI-TOF MS analysis. Toluene was used as the developing solvent in all TLC separations. The spots of polymers were scraped from the developed TLC plate along with the silica gel. A volume of 50 µL of THF was added to each sample to extract the polymers. A volume of 20 µL of the polymer solution was mixed with 20 µL of the matrix solution (0.1 M in THF). For each spectrum that was acquired in positive-ion mode, a volume of 1 µL of the THF solution of AgTFA (5 mg/mL) was added to the polymer/matrix mixture. The dried droplet method 37 was used to prepare the sample target: 1 µL of the polymer/matrix/ cation mixture solution was applied to the sample target, and the solvent was evaporated by air-drying. In the case of spectra acquired in negative-ion mode, no additional ion was added. The polymer/matrix mixture was applied to the sample target by the dried droplet method.
All mass spectra were obtained in linear mode. The accelerating voltage was 25 kV. Each spectrum displayed in this article is the average of 128 single-shot spectra. The mass scale in the linear mode was calibrated externally using the peptides: angiotensin-I (M ) 1296.5) and insulin bovine pancreas (M ) 5733.6) (Sigma, St. Louis, MO) as standards. M + H values were used to calibrate the positive-ion mode, and M -H values were used to calibrate the negative-ion mode.
Size Exclusion Chromatography (SEC). SEC was used to determine the average molecular weights and molecular weight distributions, Mw/Mn, of the polymer samples with respect to polystyrene standards (Polymer Standards Service (PPS), Germany). Measurements were done on a Polymer Labs GPC-120 unit equipped with an isocratic pump (Agilent 1100 series), a Polymer Lab differential refractive index detector, and two Polymer Labs PLgel 10 µm MIXED-B columns (pore size: 8-10 µm; linear MW range: 500-10 million). Data acquisition employed the PL DataStream external interface, and data were analyzed using the PL Cirrus (version 1.1) software. All samples were run using THF as the mobile phase at a flow rate of 1 mL/min at 40°C.
Results and Discussion
The crude product from the reaction of living polystyryl anions with purified 4-bromo-1,1,1-trimethoxybutane gives three spots after TLC development. The retardation factor (R f ) values of these spots are (A) 0.95, (B) 0.64, and (C) 0. Reaction of living polymeric diphenyl anions with purified 4-bromo-1,1,1-trimethoxybutane gives four spots after TLC development. The R f values of these spots are (D) 0.95, (E) 0.85, (F) 0.64, and (G) 0. Figure 2 illustrates a TLC image of sample 1 (product from the reaction of polystyryllithium and 4-bromo-1,1,1-trimethoxybutane) and sample 2 (product from the reaction of polymeric diphenylalkyllithium and 4-bromo-1,1,1-trimethoxybutane) along with the MALDI-TOF mass spectra obtained from the spots on this TLC plate. The mobile phase is toluene, and the stationary phase is silica gel. Under these conditions, polymers having more polar functional groups move slower because they have stronger interactions with the stationary phase. The high mobility of spots A and D indicates the lack of polar functional groups on the polymers in these spots. Likewise, polymer in spots B, E, and F contain functional groups that interact with the stationary phase moderately, and polymer in spots C and G contain functional groups that have a strong interaction with the stationary phase.
Spots A, B, D, E, and F give strong signals in the positive-ion mode with the addition of silver cations, and spots C and G give strong signals in the negative-ion mode (without addition of ionizing agents) in the MALDI-TOF MS measurements. The mass spectrum of spot A contains not only peaks with the expected molecular weights but also peaks of twice their molecular weights (dimers). A1 shows the low mass part of the mass spectrum of spot A, and A2 shows the high mass part. Multiple distributions are observed in mass spectrum A1. These multiple distributions can be caused by two effects: (1) different specific compounds plus the same cation or (2) single compounds with different cations added (possibly due to contact during synthesis with other cationizing agents). This sample was thus subjected to MALDI-TOF MS analysis using a different cationization reagent (copper(I) chloride). It was found that this caused all peaks to shift 44 mass units lower than the corresponding peaks displayed in mass spectrum A1. This is a strong indication that all peaks in A1 are caused by individual compounds plus the silver cation.
Two distributions of peaks were also found in mass spectrum D. The molecular weight of each peak in these two distributions matches one of the following structures: (1) Bu-PS-DPE-H and (2) Bu-PS-DPE-CH 3 . Here Bu represents the initiator moiety, a butyl group. The peak that has a molecular weight of 3068.16 is caused by the polymer chains containing 26 repeating units of styrene, a butyl group at one end, and a DPE unit and a methyl group (M ) 15.02) at the other end. In mass spectrum E, the peak that has a molecular weight of 3122.98 is caused by the polymer chains containing 26 repeating units of styrene, a butyl group at one end, and a DPE unit and a -CH 2 -CHdC-CHO group (M ) 69.12) at the other end. No evidence of dimer is found in sample 2 from the SEC and MALDI-TOF MS measurements.
Mass spectrum A1 contains three distributions of peaks. The molecular weight values of the peaks in these three distributions match the following structures: (1) Bu-PS-H; (2) Bu-PS-CH 3 , and (3) Bu-PS-CH 2 CHdCH-CHO. The peaks in mass spectrum A2 match the structure Bu-PS-CH 2 CH 2 CH 2 CO-PS-Bu. For example, the peak that has a molecular weight of 5605.03 is caused by the polymer chains contain 51 repeating units of styrene plus two butyl group, a silver cation, and the mass of moiety -CH 2 CH 2 CH 2 CO-(M ) 70). The mobility of these dimer chains should be lower than (1) and (2) because they have one carbonyl group per chain but higher than (3) since they have longer hydrocarbon chains. The presence of dimer is probably the reason that structures (1), (2) , and (3) are mixed in one spot. In the case of sample 2, no dimer was formed from the reaction, and spot E is clearly separated from spot D.
Spots B and F have the same mobility (R f ) 0.64) in TLC development, and their mass spectra indicate that all chains contained in these two spots have an identical end group (-CH 2 CH 2 CH 2 COOCH 3 ). The fact that these two spots disappear after the base treatment further confirms this structural assignment. Spots C and G (R f ) 0) have the least mobility. The peaks in these two spots can be accounted for by the presence of Bu-PS-CH 2 CH 2 CH 2 COO -and Bu-PS-CH 2 CH 2 CH 2 CH 2 C(Ph) 2 -COO -, respectively. Figure 3 displays the TLC image of sample 3 (product from the reaction of polystyryllithium and purified succinic anhydride) and sample 4 (product from the reaction of polymeric diphenylalkyllithium and purified succinic anhydride) along with the MALDI-TOF mass spectra of the corresponding spots. Three spots (H, I, and J) arose from sample 3 after TLC development. The peaks in spot H (R f ) 0.95) are identical to that of the proton-terminated PS reference. The peaks in spot I (R f ) 0.75) reflect dimers caused by two living polymer chains reacting with the same succinic anhydride molecule, and they are consistent with Bu-PS-CO-CH 2 CH 2 -CO-PS-Bu. The mass spectrum of spot J (R f ) 0) was obtained in negative-ion mode. Peaks in this spectrum are consistent with Bu-PS-CO-CH 2 CH 2 -COO-. Two spots were developed from sample 4. Peaks in spot K (R f ) 0.95) are accounted for Bu-PS-CH 2 C-(Ph) 2 -H, and those in spot L (R f ) 0) are Bu-PS-CH 2 C(Ph) 2 -CO-CH 2 CH 2 -COO-. No dimer was detected in sample 4.
The TLC image of product from the reaction of polystyryllithium and carbon dioxide gas in the freezedried state and the MALDI-TOF mass spectra of the corresponding spots are displayed in Figure 4 . Spot P (R f ) 0.95) contains Bu-PS-H and dimer Bu-PS-PS-Bu. The structures of the dimer peaks indicate that they were caused by oxygen gas instead of carbon dioxide gas. These two byproducts suggest that small amounts of moisture and oxygen also reacted with the living polymers. In the mass spectrum N, all peaks are accounted for Bu-PS-COO -. When the reaction of polystyryllithium and carbon dioxide gas was carried out in THF solution at -78°C, all chains stay at the origin after TLC development. Its MALDI-TOF mass spectrum is identical to mass spectrum N. No dimer was detected in either SEC or MALDI-TOF MS.
As described above, we have used the offline TLC/ MALDI-TOF MS methodology to determine the structures of the byproducts generated from three reactions that are commonly used to synthesize well-defined carboxyl-end-capped PS. In this manner, byproducts in these reactions were detected and identified that have not been reported previously. It is possible that other byproducts also exist which we could not detect in our study. The reason is twofold. First, there is always a concern with this method involving the potential loss of component(s) during the transfer from the TLC plate to the MALDI target. Using an on-line TLC/MALDI-TOF MS method can avoid this potential problem; 40 unfortunately, our laboratory does not have such online measurement capability. Second, spectral suppression, a common phenomenon encountered in desorption techniques, might be responsible for the inability to detect some byproducts. 38, 39 Quantitative characterization of synthetic polymers by MALDI-TOF MS is limited by two major intrinsic problems in the technique: mass discrimination [41] [42] [43] [44] and functional groups dependence. [45] [46] [47] Mass discrimination of samples with high molecular weight polydispersities is attributed to desorption/ionization efficiency and instrumental settings. Generally, larger molecules are more difficult to ionize/desorb and hence produce poorer signals. We have previously demonstrated that the relative ratios of two components in the same sample spot vary with different instrumental settings. 48 The intensities of the signals from functional groupcontaining samples often do not reflect the true abundances of the molecules due to the interference of the functional groups in the ionization output. For these reasons, the y-axis of the MALDI-TOF mass spectra cannot be used in quantitative characterization.
We thus used SEC to determine the extent of dimerization in each synthesis. The SEC chromatograms of products from the four end-functionalization reactions involving polystyryllithium in this study are shown in Figure 5 . These curves are analyzed by an iterative curve-fitting procedure in order to determine the extent of the dimerization side reactions in each synthesis. Each curve was approximated by a Gaussian, and the deconvoluted Gaussians are considered as the actual peak. A program in Origin 7.0 was used to conduct these calculations. 49 In all cases, the solid line is the actual SEC data; the dots are Gaussian components that resulted from the fittings. Two characteristic peaks at retention volumes of 15.3 and 15.9 mL correspond to dimers and unimers, respectively. The areas of each of these deconvoluted Gaussians are the abundances of these components. The correlation (R 2 ) value of each fitting is greater than 0.99. The products from the endcapping reactions of polymeric diphenylalkyllithium give SEC curves identical to chromatogram (d).
Combining the TLC/MALDI-TOF MS and the SEC results, we can see that the reaction of carbon dioxide gas with living polystyryllithium in THF solution at -78°C produced quantitatively carboxyl-end-capped PS. The product formed from the same reaction but carried out in the freeze-dried state contained 3% dimers. Note that in the work by Quirk and co-workers 9 complexation of the active centers with TMEDA was necessary for quantitative carboxylation in the freeze-dried state, and we did not add TMEDA in our work, explaining the presence of some dimers.
Conclusions
We have demonstrated the use of combined TLC and MALDI-TOF MS to investigate the structures of the Figure 4 . Thin-layer chromatography image of product from the reaction of polystyryllithium and carbon dioxide gas at freeze-dry state along with the matrix-assisted laser desorption/ionization time-of-flight mass spectra of the corresponding spots. Spot P was obtained in positive-ion mode, and the cationization reagent is silver trifluoroacetate. Spot N was obtained in negative-ion mode, and no extra ion was added. Figure 5 . Size exclusion chromatography (SEC) traces of (a) crude product from the reaction of polystyryllithium with 4-bromo-1,1,1-trimethoxybutane, (b) crude product from the reaction of polystyryllithium with succinic anhydride, (c) crude product from the reaction of polystyryllithium with carbon dioxide gas at freeze-dry state, and (d) crude product from the reaction of polystyryllithium with carbon dioxide gas in THF solution at -78°C. In all cases, the solid line represents the actual SEC data; the dots are Gaussian components resulting from the fittings.
products from three different anionic strategies for the synthesis of well-defined carboxyl-end-capped polymers. Byproducts that have not been previously detected and reported in the literature were observed by MALDI-TOF MS. The ability to detect byproducts and determine their structures is a prerequisite for gaining a greater understanding of the chain-end-functionalization process. Such information provides synthetic chemists great insight into the reaction efficiency and facilitates the development of synthetic routes that meets the requirements for the application of these materials. An iterative curve-fitting procedure was used to analyze the SEC chromatograms of all crude products. Under the conditions employed, which were in some cases slightly different than those reported previously, only the reaction of carbon dioxide gas and living polystyryllithium in THF solution at -78°C produced carboxyl-endcapped PS quantitatively. The same reaction carried out in the freeze-dried state, even in the absence of Lewis base, was nearly quantitative with only 3% dimers found via SEC analysis. The reaction of living polystyryl anions with purified succinic anhydride generated about 11% dimer. Proton-terminated PS was also found to be present in substantial amounts as an additional byproduct. The reaction of living polystyryl anions and purified 4-bromo-1,1,1-trimethoxybutane produced 4% dimer. In addition to dimers, this reaction also produced a range of byproducts with the following structures: Bu-PS-H, Bu-PS-CH 3 , Bu-PS-CH 2 CHdCH-CHO, and Bu-PS-CH 2 CH 2 CH 2 -CO-PS-Bu. The use of DPE to reduce the reactivity of the living anionic chain ends successfully eliminated the formation of dimer in both end-functionalization by succinic anhydride and 4-bromo-1,1,1-trimethoxybutane.
